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”Only those who will risk going too far can possibly find out how far one can go.”
T. S. Elliot
Resumo
Com a constante reduc¸a˜o de tamanho dos mais modernos sistemas electro´nicos, os
micro-dispositivos sa˜o hoje em dia essenciais em variadı´ssimas a´reas como biome´dica,
electro´nica, automo´vel, sensores, etc. A` medida que os dispositivos encolheram,
tambe´m os seus requisitos energe´ticos diminuiram, possibilitando o uso de novas
fontes como os nanogeradores. Estes sa˜o baseados em novos meios de recolher ener-
gia diretamente do meio envolvente, atrave´s de gradientes te´rmicos (termoele´ctricos),
deformac¸o˜es mecaˆnicas (piezoele´ctricos) e contacto entre cargas (triboele´ctricos).
O principal foco deste trabalho foi o efeito piezoele´trico. Este feno´nemo e´ possı´vel
devido a uma propriedade em cristais na˜o centrossime´tricos nos quais, quando uma
forc¸a e´ aplicada no material causando uma deformac¸a˜o, a estrutura ato´mica altera-se,
gerando cargas ele´ctricas em lados opostos do cristal. Criando assim um potencial
piezoele´ctrico que pode ser aproveitado para carregar um dispositivo. Este efeito e´
conhecido ha´ mais de um se´culo, no entanto, so´ na ultima de´cada e´ que as suas
propriedades foram aplicadas para a gerac¸a˜o de energia a` nano escala. Os nano-
geradores piezoele´tricos teˆm sido desenvolvidos ao longo dos u´ltimos anos apresent-
ando resultados promissores que demonstram a eficieˆncia destas fontes de energia
auto´nomas, commu´ltiplas aplicac¸o˜es e objectivos a atingir. Neste trabalho desenvolve-
mos nanogeradores feitos de nanofios de o´xido de zinco (ZnO) em substratos flexı´veis
e estudamos as propriedades piezoele´ctricas do polı´mero fluoreto de polivinilideno. No
decorrer do estudo efectuado, apenas com 1, 25cm2 de a´rea os nossos nanogeradores
foram capazes de obter mais de 2 V no sinal de saı´da atrave´s de medidas efectuadas
nos nossos sistemas de teste customizados, bem como um estudo sobre o aumento do
potencial piezoele´ctrico do PVDF atrave´s da intensificac¸a˜o da fase β. Foram tambe´m
efectuadas simulac¸o˜es usando o me´todo de elementos finitos, que nos ajudaram a
perceber a influeˆncia da forma dos nanofios no potencial obtido. Estes resultados
permitiram-nos construir um nanogerador perfeitamente funcional, abrindo caminho
para novas investigac¸o˜es em materiais piezoele´ctricos e para a fabricac¸a˜o de nano-
geradores de maneira a melhorar os potenciais de saı´da.

Abstract
With the consistent shrink of devices, micro-systems are nowadays widely used in
areas such as biomedics, electronics, automobiles, measurement devices and so on.
As devices shrunk, so did their energy consumptions, opening the way for the use of
nanogenerators (NGs) as power sources. These are based in the scavenge of energy
present in the containing environment, through thermal gradients (thermoelectrics),
mechanical deformations (piezoelectrics) and contact of static charges (triboelectrics).
The main focus of this work is the piezoelectric effect, that appears due to a prop-
erty of non-centrosymmetric crystallographic structured materials in which, upon an
applied compressive or strain force, the atomic structure changes generating piezo-
electric charges on opposite sides of the material. This produces an electrical field
that can be scavenged to feed a device. Such piezoelectric effect has been widely
known for over a century, but only in the last decade have its properties been studied
for nanoscaled power sources. Piezoelectric NGs have been developed over the last
few years with promising results, which demonstrate the efficiency of these autonom-
ous power sources, with multiple applications and several goals to achieve. In this
work we developed zinc oxide (ZnO) nanowired NGs in flexible substrates and stud-
ied Polyvinylidene fluoride polymeric piezoelectric properties. In these studies we were
able to obtain up to 2 V of output voltage measured in samples with only 1, 25cm2 of
area using deformation mechanisms created by us, additionally we performed a com-
plete study about the intensification of the piezoelectric potential on PVDF by increasing
its β-phase content. Simulations were also performed using finite element methods,
which allowed us to understand the influence of the nanowire’s shape in the output
potential. The results obtained allowed us to build a functional piezoelectric NG and
pave the way to new researches in piezoelectric materials and the optimization of NG
fabrication aiming to enhance the output values.

Acknowledgements
I would like to thank Instituto de Fı´sica dos Materiais da Universidade do Porto
(IFIMUP-IN: Institute of Nanoscience and Nanotechnology) for providing the resources
and facilities, particularly the Laboratory of Self-Organized Nanostructures, x-ray dif-
fraction equipment and ion-beam deposition. For these I thank Catarina Dias, Luı´s
Guerra, Ce´lia Sousa and Paula Quite´rio for all the help provided. Also, I would like to
thank Centro de Materiais da Universidade do Porto (CEMUP) for providing acess to
the Cleanroom facilities, thanks to Paulo Marques and Ana Queiro´s.
As for my supervisors, I would like to especially acknowledge Joa˜o Ventura, for all
the guidance, support, motivation and understanding demonstrated during my work.
Even though we had constant setbacks, he always give me adequate alternatives, mo-
tivating me to go further and always assisting. To my co-supervisor Mariana Proenc¸a, I
would like to acknowledge the help given in introducing me to the lab environment, the
availability when it came to clarifying doubts and a special thanks for all the aid in my
thesis writting.
I would also like to specially acknowledge Pedro Cruz, Francisco Carpinteiro and
Fernando Santos for all the dedication, companionship and time spent in this project,
particularly in the production of measurement systems. In characterization measure-
ments, first I want to particularly acknowledge Clara Pereira for all the dedication, avail-
ability, knowledge and sympathy showed in one of the most important parts of my work,
the FTIR measurements, second Rui Rocha, where his dedication and understanding
in SEM had major importance, Ana Maria Rego, for XPS and help with the data and
finally Joa˜o Horta Belo for the help with XRD.
Furthermore, I want to especially thank Eduardo Arruda for the help provided in
PVDF production and Andre´ Pereira for guidance and motivation. Also, thanks to all
my friends who helped during my work, namely Carla Alves, Ca´tia Rodrigues, Pedro
Resende, Luı´s Costa, Joel Puga, Miguel Dias, Regina Magalha˜es, Bernardo Bordalo
and Filipe Falca˜o. In the end, I want to specially thank my amazing girlfriend Diana
Faria for help and motivation, always pushing me to accomplish more and not giving
up, and to the greatest supporters I had in all my course, I would like to greatly thank
my parents, brother and uncles which where always a constant in supporting me and
above all, motivated me to reach and finish this stage.
vii
Organization
In chapter 1, we first explain the concept of nanogenerators, pointing out the most
usual types and working principles. Then, the history and theory of piezoelectricity is
introduced focusing on the latest achievements by researchers, and finally we explain
why we decided to use ZnO and PVDF in this work, stating some of their properties and
fabrication techniques. Chapter 2 describes the fabrication and characterization tech-
niques used throughout this work. Then, in chapter 3 we show how were nanogenerat-
ors produced, along with a characterization of PVDF fabrication with several analyses.
These helped us producing our final nanogenerators that are shown in chapter 4, where
we present the final aspect, composition and performance of our samples. In chapter 5,
we present simulation studies of different ZnO nanostructures on COMSOL using finite
elements method. Finally, in chapter 6 we conclude with the final conclusions of our
work and future research.
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Para os meus avo´s

Chapter 1
Introduction
In all technological evolution processes there is an objective in common, autonomy.
Throughout the ages we see that every technological evolution always tries to achieve
a more energy efficient way of getting some final result. In the last couple of decades
we have made huge progresses in the electronical and technological fields, and so,
in order to keep up, we have to develop more suitable devices with power sources
up to scale and ultimately self-powered devices. With the later, one shall be able to
scavenge energy from the surrounding environment, creating a suitable challenge for
NG (nanogenerator) placement.
Recently, gathering information from the latest reports of NG’s development [1, 2],
we can finally fabricate these permanent power sources that constitute a new type of
completely renewable and clean energy. These can be implemented in many techno-
logical devices, because, as the components shrunk, so did their power consumptions.
Generators that provide power in the micro/miliwatts range are thus suitable to be self-
powered systems. These are usually based on different physical properties such as
photovoltaic, thermoelectric, triboelectric and piezoelectric.
NGs will change our lives and the way we use our everyday electronics, increasing
the number of independent devices which opens a new industrial path that can be very
fruitful and important in the future. Their small size and flexibility are huge advantages to
remote sensors [3], like environmental monitoring equipment and weather control. Their
auto-sufficient functioning allows new devices that can be put in otherwise impossible
places, with no need to replace, recharge or maintain.
Ultimately, these devices can be applied to living beings. With self-powered bio-
sensors [4, 5], we can do real-time monitorizations and faster diagnosis, which will be
a huge breakthrough on medical analysis, gathering wireless biometric data emitted by
a NG inside us.
1
Introduction 2
It was only in 2006 that the first piezoelectric NG was reported by Dr. Zhong Lin
Wang [6], a functional materials researcher. With such an early research, we have
endless possibilities of producing low-cost NGs that can integrate our everyday devices.
Piezoelectric NGs are the most promising as they have the ability of harvesting energy
from a wide range of sources and under various conditions.
Therefore, motivated by the latest results on Piezoelectric NGs and the future pos-
sibilities on the energy research fields, we developed our work in the Physics and Astro-
nomy Department and the IFIMUP-IN facilities, which allowed us to investigate the great
potential of piezoelectricity, as the most versatile method to scavenge energy. With the
advantage of using a biocompatible material like ZnO, we have endless possibilities of
applications.
1.1 Energy Harvesting
Energy harvesting states the electrical scavenge of energy from the surrounding
environment (Fig 1.1), i.e., the ability to convert unattended and unexplored sources
of energy. Through the different material properties that were previously stated, it is
now possible to exchange mechanical and thermal energy into clean electricity. These
can be applied to many situations where energy is obtained from otherwise wasted
sources [3], like dissipated heat from smelting process or industrial burnings, heating
from incident sun rays, wind flow and water streams, or, in a smaller scale, scavenging
energy from a human being, taking advantage of the movement of its clothes, shoes,
or even the body heat and own motion [7, 8, 9, 10].
FIGURE 1.1: Energy harvesting from the environment through different physical prop-
erties.
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1.2 Types of nanogenerators
As it was referred before, there are mainly four separate ways to scavenge energy,
but in NGs three are now starting to be applied: triboelectricity [Fig 1.2 (a)], thermo-
electricity [Fig 1.2 (b)] and piezoelectricity [Fig 1.2 (c)].
For triboelectric energy generation [11, 12, 13] the working principle consists on
the use of two different materials that become electrically charged when they become
in contact. This effect has a huge dependence on the material, as it has better results
for materials with high electron exchange. This has been observed for many years and
can be demonstrated in our own houses, when, for example, we observe dust particles
attracted to a balloon. This kind of effect has been neglected and undesired for many
years. Nowadays researchers are starting to apply it in nanoenergy applications, where
the highest generation voltages are being obtained. The downside is that applications
are limited, as we need to ensure contact between two surfaces, thus restricting the
type of devices that can be designed.
Another type of NGs are those based on the thermoelectric effect [3, 14, 15]. These
depend on the existence of a temperature gradient. When there is a difference in
temperature along a metal plate, the charges will travel to the cold side, as described
by the Seebeck Effect, creating a voltage between the two extremities of the plate. This
output can be measured with a contact on both ends, its value being proportional to
the materials Seebeck coefficient and to the difference in temperature. However, if we
decrease the material size to the nanoscale it is increasingly harder to have a large
temperature gradient between the two ends, restricting thermoelectric NGs to a certain
type of applications.
Alternative to thermoelectrics there is also the pyroelectric effect [16], which differs
in the fact that an overall change of temperature in time creates a temporary current in
a crystal.
a) b) c)
FIGURE 1.2: Illustration of the different working principles: a) triboelectric (taken from
Wen et al. [13]); b) thermoelectric (taken from Yang et al. [17]); and c) piezoelectric
(taken from Wang et al. [18]).
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Finally, the piezoelectric effect [19, 20, 21, 22] is the generation of a voltage due
to a physical deformation in a non-centrosymmetric material, where a displacement in
the equilibrium position moves the positive and negative center of charges, creating a
voltage across the structure. It is because of this simple mechanism that our devices
can have a long set of configurations and numerous applications, thus making piezo-
electric NGs the most reliable energy scavenge method. In particular, they can be
implemented in every moving surface, such as our own body.
Ultimately, all effects can be inter-combined to improve the performance of NGs [11,
23, 24], as materials can present more than one scavenging property.
1.2.1 Piezoelectric Nanogenerators
In all dynamic environments there is a movement which can be transformed into
energy using a NG. Imagine, for example, our own shoes and clothes generating energy
as we walk/move, and feeding incorporated LEDs which could light our path.
Nowadays this can be achieved, because during the last decade, the efficiency and
maximum output of piezoelectric NGs have been enhanced considerably. Considering
both compressive and bending applied forces, researchers have arrived to extremely
high values of output voltage. In 2006, Wang et al. [6], reported the first piezoelectric
NG ever created [Fig 1.3 (a)], where vertically aligned nanowires (NWs), with heights
of 200 to 500 nm, generated outputs of 6 to 9 mV.
Two years later, in 2008, Xu et al. [25], created a 4 stack of NGs, where paired
nanobrushes of metal coated ZnO nanotips and ZnO nanowires were stacked on top
of each other [Fig 1.3 (b)]. These NWs had heights of 1 mm and a width of 200 nm.
Potentials of 10.8 mV for one NG and 62 mV for the 4-stack, were achieved. In 2010,
the same authors reported the first lateral growth integrated NG with 5 mm height and
500 nm width NWs [26]. These generated outputs of 1.26 V in an active area of 1.5 cm2.
On a separate device, a typical vertically aligned NW network was created, with 4 µm
x 300 nm sizes, 80 to 96 mV outputs were measured in an active area of 4mm2.
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FIGURE 1.3: Different piezoelectric NGs: a) first piezoelectric NG with an atomic force
microscopy platinum tip (taken from Wang et al. [6]); b) 4 layer piezoelectric NG struc-
ture (on the left, taken from Xu et al. [25]), vertical nanowire array integrated NG (at
bottom right) and lateral nanowire array integrated NG (both taken from Xu et al [26]);
c) integrated piezoelectric NG on flexible substrate (taken from Hu et al. [27]); d) super-
flexible piezoelectric NG (taken from Lee et al. [9]); e) lithium doped ZnO NW (taken
from Shin et al. [28]).
Hu et al. [Fig 1.3 (c)] published in 2011 [27] the first self-powered system with
a NG pumping a wireless data transmitter. In that work the NG consisted of a free
cantilever beam with a five-layer structure. ZnO NW textured films were deposited on
both surfaces of a flexible polymer. The NWs measured 2 µm x 150 nm and output
voltages rounding 10 V were measured for a 1 cm2 active area. In 2013, Lee at al. [9]
created a super-flexible device to measure highly flexible motions using Al-foil as sub-
strate [Fig 1.3 (d)], electrode and 2 µm height ZnO NWs. Their work showed that NGs
can be easily implemented as wind sensors, with a measured output of 50 mV at a wind
speed of 5.5 m/s, and serve as a platform to use the human body as a communication
system (wrinkling generated a 0.2 V peak).
In the last year, important work has been done with doped nanowires [Fig 1.3 (e)],
increasing the output voltages exponentially. Shin et al. [28] found that Li-doped ZnO
NWs can substitute typical NWs with low piezoelectric coefficients. By exploring their
ferroelectric properties they were able to achieve a 9 V peak voltage in a 4 cm2 area,
for 6 µm height and 600 nm width NWs. Larger scaled devices were produced, and
potentials of 180 V were achieved using a 100 cm2 area. In piezoelectric NGs, where
a Schottky barrier [6, 29, 30] is present, the created charges are accumulated in the
metal-semiconductor interface and are released all at once. The output signal of a
piezoelectric NG generates two peaks of voltage in opposite directions.
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1.3 Piezoelectricity
1.3.1 History
Many of our everyday systems rely on piezoelectrics to work, e.g., microphones,
speakers, watches. However, the discovery of Piezoelectric materials has more than
one century. The name piezo comes from ”piezein”, which means in Greek ”to squeeze”.
This effect was first discovered by the French physicists Pierre and Jacques Curie [31].
The two brothers found in 1880 that applying pressure on this type of materials would
generate an electrical current. At first, studying the pyroelectric effect, they were try-
ing to prove that there was a direct proportionality between the potential generated by
temperature changes and the mechanical strain. This was the first contact with piezo-
electricity. They were expecting that non-centrosymmetric materials would have the
capability to reproduce the effect and so, with rudimentary experiments, they tested
several crystals.
This allowed the Curie brothers to find that, when these materials were deformed,
an electric potential would appear. It was not too long until the first piezoelectric quartz
electrometer was created by the Curie. In the following years, the brothers discovered
the piezoelectric reverse effect, that when a voltage is applied, a mechanical strain is
induced in the material.
It was in 1910 that the study of those materials was revolutionized, with the clear
definition of the 20 natural crystal classes capable of sustaining piezoelectricity and the
18 macroscopic piezoelectric coefficients of solid crystals. In 1917 Paul Langevin de-
veloped a sonar made of quartz crystals and up to today the applications were adapted
to a huge number of situations.
1.3.2 Introduction
Piezoelectricity consists in a generated electric field caused by the displacement of
atoms in a non-centrosymmetric crystal structure.
Studies of crystal arrangements allow us to catalog a piezoelectric material under
a broader category (Fig. 1.4), dielectrics. In a total of 32 different crystal classes, 11
are centrosymmetric and therefore cannot be piezoelectric. The other 21 are non-
centrosymmetric of which, excluding the cubic class 432, 20 are piezoelectric [32].
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FIGURE 1.4: Illustrative schematics of dielectric materials, with piezoelectrics as a
subgroup.
To understand how an output voltage is created in a piezoelectric crystal, we first
need to introduce the concept of center of charge, which is the position where all posit-
ively and negatively charged atoms are balanced.
In a centrosymmetric crystal, the stress or strain, does not change the center of
charge. So, the crystal remains non-charged even with displacements. However, with
non-centrosymmetric crystals, a deformation modifies the center of charge. The sep-
aration of the different centers of charge creates electric dipoles, with their moments
pointing towards the negative pole. An electric field appears along the crystal, with its
potential based on the distance between the negatively charged center [anion (-)] and
the positively charged position [cation (+)]. This field is directly proportional to the di-
pole moment. So, changing the dipole moment will change the intensity of the electric
field, which can be controlled by applying more or less stress or strain to the piezo-
electric material [21, 33, 34]. In Fig. 1.5, we can see a representative scheme of atom
dislocation upon deformation of a piezoelectric crystal.
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FIGURE 1.5: Arrangement of atoms and resulting dislocations upon compressive and
stretching forces in a piezoelectric material (arranged from [35]).
1.3.2.1 Simple piezoelectricity
The electromechanical equations for a piezoelectric material that describe the re-
verse [Eqs. (1.1 and 1.3)] and direct [Eqs. (1.2 1.4)] effects are, respectively:
εi = S
e
ijσj + dmiEm (1.1)
Dm = dmiσi + ξ
σ
ikEk, (1.2)
where i,j=1,2,...,6 are indexes and m,k=1,2,3 directions in the material referential, ε
strain vector, σ stress vector (N/m2), d matrix of piezoelectric strain coefficients (m/V),
S matrix of compliance coefficients (m2/N), E electric field vector (V/m), D vector of
electric displacement (C/m2) and ξ the permittivity (F/m). These can be rearranged [5,
21] to give:
εi = S
D
ij σj + gmiDm (1.3)
Ei = gmiσi + β
σ
ikDk, (1.4)
being g the matrix of piezoelectric constants (m2/C) and β the impermittivity component
(m/F).
In matrix form, Eqs ( 1.1) and (1.2) are:
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

ε1
ε2
ε3
ε4
ε5
ε6


=


S11 S12 S13 S14 S15 S16
S21 S22 S23 S24 S25 S26
S31 S32 S33 S34 S35 S36
S41 S42 S43 S44 S45 S46
S51 S52 S53 S54 S55 S56
S61 S62 S63 S64 S65 S66




σ1
σ2
σ3
σ4
σ5
σ6


+


d11 d21 d31
d12 d22 d32
d13 d23 d33
d14 d24 d34
d15 d25 d35
d16 d26 d36




E1
E2
E3

 (1.5)


D1
D2
D3

 =


d11 d12 d13 d14 d15 d16
d21 d22 d23 d24 d25 d26
d31 d32 d33 d34 d35 d36




σ1
σ2
σ3
σ4
σ5
σ6


+


eσ11 e
σ
12 e
σ
13
eσ21 e
σ
22 e
σ
23
eσ31 e
σ
32 e
σ
33




E1
E2
E3

 . (1.6)
TABLE 1.1: Voigt’s notation for tensors
ij 11 22 33 23 32 31 13 12 21
λ 1 2 3 4 5 6
Using Voigt’s notation with the values presented on table 1.1 and assuming poling
along the axis 3 (z), in an isotropic material, we get the following non-zero coefficients:
S11 = S22
S13 = S31 = S23 = S32
S12 = S21
S44 = S55
S66 = 2(S11 − S12)
with
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d31 = d32
d15 = d24
and the non-zero dielectric coefficients
eσ11 = e
σ
22 = e
σ
33.
This leads to these final descriptive matrices:
ǫij =


ǫ11 0 0
0 ǫ11 0
0 0 ǫ33

 , (1.7a)
for ZnO, PZT and diµ =


0 0 0 0 d15 0
0 0 0 d15 0 0
d31 d31 d33 0 0 0

 (1.7b)
for PVDF, diµ =


0 0 0 0 d15 0
0 0 0 d25 0 0
d31 d31 d33 0 0 0

 (1.7c)
and finally
cλµ =


c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
c13 c13 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c66


(1.8)
where c is the elastic stiffness constant or Young’s modulus (c = 1/S). Values of strain
piezoelectric coefficient, e.g. d33, and the resultant piezoelectric tensile strain, can be
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estimated measuring the amount of displacement of the material (∆l) and the output
voltage V (d33 =
∆l
V
).
Other important parameter in piezoelectrics, stated in Table 1.2, is the electromech-
anical coupling coefficient k. This indicates the amount of mechanical energy that was
converted to electricity, and the opposite for the reverse effect, and can be defined by:
k2 =
k2e
1 + k2e
, (1.9)
k2e =
e233
c33ǫ33
, (1.10)
being e the piezoelectric stress constant, c the Young’s modulus and ǫ the permittivity
of the material in the 33 indices, which indicates that the electric field is parallel to the
z-axis with a resulting strain in the z-direction.
TABLE 1.2: Coupling coefficient for different piezoelectric materials
Material Coupling coefficient (k )
PZT 0.69
ZnO 0.33
Quartz 0.1
PVDF 0.12
1.3.3 Zinc Oxide
For the development of NGs, the chosen material was zinc oxide. Typically it can be
found in the form of a solid crystal, where it is transparent, or in powder form, where it is
white. ZnO is a semiconductor with wide and direct band-gap, in the range of 3.3 to 3.7
eV [32], which turns it into an efficient semiconductor in high power and temperature
applications. Also in optical processes, it provides an ultra-violet photo-luminescence
when excited. Additionally, it is a biocompatible material, that is low cost and easy to
produce.
However, the main reason why ZnO was chosen, was due to its good mechanical-
to-electrical conversion, as it presents a non-centrosymmetric hexagonal Wurtzite crys-
tal structure [36] [Fig. 1.6 (a)] and can be grown in 2D (thin film) [27] and 1D (nanowire) [37]
structures. ZnO can be deposited in thin films (2D) or grown in various nanostructures
(2D), such as nanowires [38], nanotubes [39] or nanorings [14]. Several techniques can
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be used to deposit ZnO, some common examples are: electrochemical deposition [40],
hydrothermal [41], magnetron sputtering [42], pulsed laser deposition (PLD) [28], ion
beam deposition (IBD) and spin-coated sol-gel [43].
FIGURE 1.6: (a) Wurtzite crystal structure of ZnO and (b) hexagonal wurtzite structure
model of ZnO (both taken from [39]).
TABLE 1.3: ZnO piezoelectric constants [34].
Constant Value Unit
ǫ11/ǫ0 8.5 dimensionless
ǫ33/ǫ0 10.9
d33 12.4 10
−12 CN−1 (10−12 mV−1)
d31 -5.0
d15 -8.3
e33 1.57 Cm
−2
e31 -0.36
e15 -0.36
c11 210 10
9 Nm−2
c12 121
c13 105
c33 211
c44 43
being ǫ0 the permittivity of free space. Typically ZnO grows on its c (or 3) axis
[Fig. 1.6 (b)] leading to the piezoelectric constants and parameter values written in
Table 1.3.
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1.3.4 PVDF
Polyvinylidene fluoride (PVDF) [(C2H2F2)n] is nowadays being widely investigated
by several researchers [44, 45, 46]. Despite being a polymer, it has outstanding pyro
and piezoelectric properties, creating a huge variety of applications, specially in the
sensors and actuators fields and technologies.
However, these properties only appear in certain conditions that are related to the
degree of crystallinity, structure, and orientation of the polymer structure. These are
accomplished by fulfilling some processing conditions.
PVDF is a semi-crystalline polymer which has an unusual polymorphism presenting
four forms: the nonpolar α and the polar β, γ and δ [47, 48]. When quenching, it
commonly crystallizes in a non-polar crystalline structure, called the α-phase, this being
its most common state, with a chain conformation of trans-gauche (TG+TG−). The
electroactive properties only appear in the presence of the β-phase, that has a trans-
planar zigzag conformation (TTT). Thus, the development and enhancing presence of
the β-phase attracts great interest on today’s studies. This can be achieved by using
several techniques. The most common one is to mechanically stretch a bulk PVDF film,
with high percentage of α-phase, at a certain temperature normally below 100 ◦C [20,
49], creating stress on it, highly influencing the fraction of the polar phase. Another is
polling the samples using an electric field [50].
A scheme of atom arrangement in the α and β phases is displayed in Fig. 1.7.
FIGURE 1.7: PVDF crystalline structures, in the left the non-polar α-phase and on the
right, β-phase, polar and non-centrosymmetric.
Thin films with high percentage of β-phase can also be obtained by doping with
other elements, e.g., silver [51, 52], and crystallizing from a solution with either di-
methylformamide (DMF) or dimethylacetamide (DMA) at temperatures below 70 ◦C [53,
54]. However, these present a very high degree of porosity, which results in brittle
and hardly polarizable material. In our experiments we used DMF as a solvent for
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PVDF [55]. There are two known techniques to eliminate porosity: applying high uni-
axial pressure (15 MPa) on them at 140 ◦C [56], and placing the samples on vacuum for
a short period of time [57]. This results in transparent, flexible, easily polarizable films.
In our work we deposited PVDF on different substrates: PET, PET coated with
ITO and glass. The films were deposited in a spin-coater and were characterized us-
ing FTIR to prove that different rotating speeds influence the formation of β-phase, as
thicknesses below 1µm are known to guarantee the presence of the desired phase [58].
FIGURE 1.8: SEM images of PVDF doped with Ag impregnated on Active Carbon
Fiber; made in cooperation with Dr. Eduardo Arruda, who kindly allowed the use of
these pictures.
Chapter 2
Fabrication and characterization
techniques
In this chapter, we explain the details of the fabrication methods we used, as well
as the measurement and characterization techniques.
2.1 Fabrication techniques
In this first section we explain the experimental techniques that were used to fab-
ricate ZnO NGs, namely, the ion-beam deposition [59, 60, 61], the spin-coating depos-
ition [62], and the hydrothermal growth process [36, 41, 43, 63, 64].
2.1.1 Ion-beam deposition
At our institute we have a functional Ion-Beam Deposition (IBD) on our department
to fabricate thin films [Fig. 2.1 (a)]. Essentially, an ion beam source is a plasma source
fitted with a set of grids enabling a stream of ions to be extracted.
There are three main parts: the discharge chamber, the grids and the neutralizer.
This system possesses two 3 cm diameter Kaufman dc ion sources, one for film depos-
ition and the other for assisted deposition or ion-milling. In both cases, an Argon (Ar)
flow is used. For Ar ionization, a Tungsten (W) filament is used, working as cathode.
This filament is heated releasing thermionic electrons. The cathode current is set and
measured at the terminals of the filament (typically 6.0 A). Magnets placed around the
anode confine the electron paths thus enhancing the ionization rate.
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After the plasma is formed it is extracted only when a voltage is applied to the
Molybdenum (Mo) grids, placed at the exit of the ion sources. The two grids are used
in a focused configuration (with the focal point at the target). The inner grid prevents
the erosion of the outer (acceleration) grid, where the voltage for beam extraction is
applied.
Both ion sources are equipped with neutralizer filaments for deposition/milling of
dielectric materials. Which is basically an electron source that balances the charge of
the ions in the beam, to reduce space charge effects causing beam divergence through
mutual repulsion of the ions and in order to prevent charging of the illuminated target.
The deposition ion source [Fig. 2.1 (b)] is placed 10 cm away from the target, which
is tilted by 45◦. The sputtered atoms hit the substrate that directly faces the target
and a shutter, surrounding the four target assembly, prevents crossed contamination
during the deposition process. Both target and substrate holders are water cooled, and
the substrate holder can rotate during deposition to improve film thickness uniformity.
When pre-cleaning of target is on, the shutter is used to prevent unwanted depositions.
The IBD chamber reaches a base pressure of less than 10−7 Torr and is isolated
from a load-lock, that allows substrates to be manually transferred to and from the
deposition chamber without breaking vacuum. The work pressure depends on the gas
flow used for deposition, but is generally of 4× 10−4 Torr.
We used Ion beam deposition to produce a seed layer of Zinc Oxide, in order to
create a preferential direction for hydrothermal growth of nanowires.
a) b)
FIGURE 2.1: a) IBD at clean room (CEMUP-MNTEC) and b) IBD schematics (both
taken from [61].
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2.1.2 Hydrothermal growth
Hydrothermal process is a chemical method that consists in heating an aqueous
solution to create crystalline phases that are not stable at the melting point [41, 63, 64].
Materials which have a high vapour pressure at this temperatures are deposited using
this process. This method was chosen due to its suitability for the growth of large good-
quality crystals while maintaining good control over their composition.
We heated an aqueous solution of zinc nitrate hexahydrate [ZNH; Zn(NO3)2 · 6H2O]
and hexamethylenetetramine [HMTA; (CH2)6N4] to 95
◦C during a certain amount of
time.
To initiate such process, like previously stated, a ZnO seed layer is first needed
to obtain uniform growth of oriented NWs on top of our PET substrate. Samples are
placed floating, faced down, on the heated solution, or inside, using a teflon support
that we built (Fig. 2.2). The thermal degradation of the HMTA releases hydroxyl ions
that react with the Zn2+ and form the desired ZnO molecules [41].
The temperatures and times of deposition are the biggest influence on the nano-
structures sizes and forms, so to produce nanowires we chose the conditions by ap-
plying the optimized parameters that my colleague Filipe Falca˜o did in his master
thesis [65]. So, to obtain the best aspect ratio, which is the highest possible for better
piezoelectric properties, we need a solution with 25 mM of HMTA and 25 mM of ZNH
at 95 ◦C during 2:30 h. After the reaction is completed, ZnO nanowires are deposited
on the substrate and the remaining powder is gathered to be utilized later.
The chemical reactions are summarized in the following equations [66]:
(CH2)6N4 + 6H2O←−→ 6CH2O+ 4NH3 (2.1a)
NH3 +H2O←−→ NH4
+ +HO− (2.1b)
2HO− + Zn2+ −−→ ZnO(s) + H2O (2.1c)
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FIGURE 2.2: Hydrothermal growth montage scheme.
2.1.3 Spin-coating deposition
Sol-gel chemistry was first used in the 1960s as a technique to improve glass fab-
rication. As a definition, a sol is a colloidal suspension of particles in a liquid solution,
like an emulsion, where the colloid is a particle with very low size (1 to 1000 nm) in
a dispersed phase which neglects the gravitational forces. Van der Waals forces and
surface charges dominate the interactions between the particles and define the form of
the suspension [67, 68].
The sol-gel process allows a good control on the growth rate of particles and their
structure. This technique is normally used to deposit thin films, but can also be used
to fabricate fibers, lens or crystals. Materials for deposition are typically metal oxides,
mainly to serve as protective coatings for optomechanical instruments. Additionally,
polymers can also be deposited on substrates, like photo-resist, polymethyl methacry-
late (PMMA), polyvinylidene fluoride (PVDF)or polydimethylsiloxane (PDMS), which will
serve as insulators for NGs.
The spin-coating technique consists in spinning a substrate with a material at the
surface. This spreads and uniformly coats the substrate. Next, the sample is baked to
uniformize the deposition and, depending on the material, evaporate a volatile solvent
that was previously added, the steps of deposition are represented in figure 2.3.
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FIGURE 2.3: Spin-coating deposition processes: (a) Uniformly distribute the sol-gel or
polymer on top of the sample, (b) and (c) sample at high-speed rotations and (d) soft
baking or annealing to uniformize the deposition [67].
The thickness of the deposition is controlled by the material viscosity and concen-
tration and by the rotation speed of the spinner, with higher speeds, leading to thinner
films. This process is one of the most used for thin film fabrication and it is also ex-
tremely necessary to perform micro-fabrication photolitography.
FIGURE 2.4: Laurell WS-650S-6NPP spinner (CEMUP-MNTEC) (taken from [69]).
A Laurell WS-650S-6NPP spinner (CEMUP-MNTEC), equal to the model on fig-
ure 2.4, was used during this work to deposit PVDF and PMMA on our samples.
2.2 Characterization Techniques
In this section the characterizing techniques that we used are explained. These
were Scanning Electron Microscopy (SEM) [70], X-ray Diffraction (XRD) [71], Fourier
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Transform Infrared Spectroscopy (FTIR) [48, 54, 72, 73] and X-ray Photoelectron Spec-
troscopy (XPS) [4, 42, 52].
2.2.1 Scanning Electron Microscopy (SEM)
SEM is used to characterize morphologically the sample’s surface [74, 75]. An
electron beam scans the surface of a sample and the interaction with the material sur-
face atoms provides sufficient energy, so that emission of electrons and photons occur.
These can be secondary electrons (SE), backscattered electrons (BSE) and X-rays
(EDS) [76]. In figure 2.5 (a) we can see the difference in information given between
these types of detected electrons.
Secondary electrons come from ionization and are related with the topography of
the surface. Backscattered, which result from elastic backscattering collisions, show
the relation between atomic numbers, thus providing an image of element distribution,
where brighter spots correspond to higher atomic number elements. Suiting as com-
plementary information, we have energy-dispersive X-ray spectroscopy (EDS), which is
an additional feature. This analyzes the emitted X-rays in order to identify the present
elements. An X-ray spectrum is generated, showing qualitative and quantitative char-
acterization of the elements in the sample. In figure 2.5 (b) we see a basic scheme of
SEM components.
a) b)
FIGURE 2.5: (a) Different electron interactions with the sample [77] and (b) Basic
representation of a SEM structure [78].
All the SEM images were obtained with a high resolution FEI Quanta 400FEG
scanning electron microscope (CEMUP).
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2.2.2 X-ray Diffraction (XRD)
X-ray diffraction is the most used technique to determine the crystallographic struc-
ture of a material [30, 36, 76, 79]. An incident X-ray beam is emitted on a sample and,
after the beam interacts with the sample, part of the reflected signal is collected and
analyzed. When the beams interact with the material surface they create a diffraction
pattern caused by wave interaction between them. When there is a crystalline struc-
ture, the diffracted waves create a characteristic diffraction pattern, which is used to
identify the crystallographic structure of the material.
This is possible because diffraction peaks follow a condition given by Bragg’s Law:
2dhkl sin θ = nλ, (2.2)
where dhkl is the distance between planes with the Miller indices (hkl), θ is the angle
formed by the atomic plane and the incident beam, n is the order of the diffraction peak
and λ is the X-ray beam wavelength. In figure 2.6 we see a 2D representation of a
periodic crystal with the X-rays beam interactions during an XRD scan.
FIGURE 2.6: X-ray beams interacting with crystal’s periodic lattice on a XRD scan
(taken from [80]).
When we analyze a polycrystalline material, the resulting diffractogram allows to
estimate an average crystallite size (DXRD) through the Williamson-Hall relation:
βtotal = βsize + βstrain =
kλ
DXRDcosθ
+ 4ηtanθ, (2.3)
in which βtotal is the full width at half-maximum (FWHM) of a peak, k the Scherrer
constant for spherical crystallographic grains ∼ 0.94, λ the X-ray wavelength, θ the
diffraction angle and η the microstrain parameter.
Fabrication and characterization techniques 22
2.2.3 Fourier Transform Infrared Spectroscopy (FTIR)
Infrared spectroscopy is the method to determine molecular structures through
characteristic absorption of infrared radiation, showing the vibrational spectrum [44, 53,
79, 81]. When irradiated, molecules absorb specific wavelengths changing the dipole
moments. Consequently, molecules are excited and change their vibrational energy
level to a higher state. The energy gap created with this change, shows the frequency
of absorption and each peak represents a free vibrational state.
In our work, we used a attenuated total reflectance FTIR (ATR), the difference
between this and a normal FTIR is that it enables samples to be examined directly in
solid or liquid state without any previous preparation. In this measurement a beam of
infrared light is passed through an ATR crystal, reflecting at least once on the internal
surface that is directly in contact with the sample. The reflection forms an evanescent
wave that enters the sample and performs the measurement. The components of a
general FTIR measurement system are presented in figure 2.7
The FTIR technology was used to obtain PVDF spectra, providing valuable inform-
ation about its structure and allowing to distinguish between the different crystalline
forms, namely α and β. However, analyzing the spectra we saw that some bands are
simultaneously common to both phases and others are associated to the amorphous
phase of the polymer and substrate. In table 2.1 we can see the typical absorption
bands for the different phases that can appear on PVDF.
FIGURE 2.7: Scheme of general components present in a FTIR measurement system
(from [72]).
Additionally, depending on the preparation conditions, the same film can contain
more than one crystalline phase structure. This fact usually creates some qualitat-
ive and quantitative problems in the identication and quantification of the phases. As
previously stated, FTIR results are commonly used to quantify the electroactive phase
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content of PVDF, however, this quantification is not performed in a single and direct
way.
First we assume that FTIR absorption follows the Lambert-Beer law and the cal-
culated absorption coefficients, Kα and Kβ, at the respective wavenumber of 761 and
840 cm−1. In this way, the relative fraction of the β-phase is, as retrieved from the liter-
ature [51]:
F (β) =
Aβ
(Kβ/Kα)Aα +Aβ
(2.4)
where F(β), represents the β-phase relative content; Aα and Aβ the absorbance at 766
and 840 cm−1, Kα and Kβ are the absorption coefficients at the respective wavenumber,
which values are 6.1× 104 and 7.7× 104 cm2mol−1, respectively.
TABLE 2.1: Absortion FTIR bands of α, β and γ
Phase α β γ
Wavenumbers (cm−1)
408 510 431
532 840 512
614 1279 776
761 812
795 833
855 1234
976
2.2.4 X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy, also known as ESCA (Electron Spectroscopy
for Chemical Analysis) is used to know the elemental and chemical state of the de-
sired sample, theoretically without any restriction on the type of material that can be
analysed.
The process starts with the sample being irradiated with x-rays, usually monochro-
matic. When these waves interact with the sample, photoelectrons are emitted. The
kinetic energy of these emitted electrons is unique and characteristic of an element
present in the material. This is known by analyzing the position and intensity of the
peaks in a resulting energy spectrum, so in the end we get all the chemical state and
quantitative information about the sample.
A scheme of the basic components and interactions on XPS measurement is dis-
played in figure 2.8.
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FIGURE 2.8: Representation of a XPS measurement system (from [82]).
The advantage of XPS is that the chemical state of an atom alters the correspond-
ing binding energy (BE) of the electrons, which shifts the emitted photoelectron kinetic
energy (KE) (Fig. 2.9). The BE is related to the measured photoelectron KE by the next
relations. For an atom named A, the photoionization is:
A+ hν → A+ + e− . (2.5)
Conservation of energy then requires that:
E(A) + hν = E(A+) + E(e−) . (2.6)
Since the emitted electron’s energy is only kinetic energy this can be rearranged to
give the following expression for KE of the photoelectron:
KE = hν − [(E(A+)− E(A))] . (2.7)
Thus we get the final term, representing the difference in energy between the ion-
ized and neutral atoms, called binding energy of the electron, leading to these simple
equations,
for solids and liquidsKE = hν −BE − φ (2.8)
for gases, KE = hν −BE (2.9)
where hν is the incident photon (X-ray) energy, h is the Planck constant, ν the frequency
and φ is the work function.
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FIGURE 2.9: Incident X-ray causing a emission of a photoelectron [83].
In modern spectrometers the incident X-rays are energy filtered or monochromatic
using a quartz crystal, leading to a very narrow energy spread. This allows high energy
resolution of chemical shifts, as well as a detailed study of line profiles and subtle
changes in the valence band.
Photoelectrons may also be collected from the surface in two dimensions to gene-
rate chemical state images of the surface.

Chapter 3
Fabrication of ZnO and PVDF
The fabrication and characterization of zinc oxide and PVDF nanogenerators are
described in this next chapter.
3.1 Ion beam deposition of ZnO thin films
To start producing our NGs we used IBD as described in subsection 2.1.1. Us-
ing polyethylene terephthalate (PET) with a transparent conducting indium tin oxide
(ITO) [84, 85, 86, 87] film as substrate, we first cleaned our samples in an ethanol,
acetone and isopropanol with water ultra sound bath. The objective of this step was
to create a clean surface to deposit a ZnO thin film which will suit as a seed layer for
nanowire growth.
FIGURE 3.1: Illustrative scheme of an IBD deposition on a PET/ITO substrate.
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3.1.1 Experimental procedure
To fabricate the seed layers on PET and PET/ITO substrates, we used a ZnO target.
As zinc oxide is a dielectric material, we need to use a neutralizer to avoid charged
surfaces. Our ZnO target is extremely brittle, so that, in order to get a proper deposition,
we need to first pre-warm the target.
We start by turning the high vacuum pump on, this process can last 12 hours, in
order to get a low base pressure. After, we open the gas flow and tune it to reach the
desired working pressure (see Table 3.1). At this point we start regulating the cathode
current by following the next steps, in order to warm our target:
- Increase gradually the beam voltage: 150V
10mins
====⇒ 300V
10mins
====⇒ 600V ,
- At each step we adjust the acceleration to 15% of the beam voltage: 18V
10mins
====⇒
50V
10mins
====⇒ 120V
- Change neutralizer current to 150% of the value of the beam current.
Table 3.1 summarizes the IBD final parameters used for the ZnO thin film deposition
process.
TABLE 3.1: Final IBD values for ZnO deposition
Base P. Working P. Ar flow Beam V. Accel. V Cathode c. Neutralizer c.
< 10−7Torr 2× 10−4 5 sccm 600 V 120 V 2.0 A 6.0 mA
After these steps, we wait 10 more minutes, to clean our target at the maximum
voltage. Then we open the shutter and deposit for a total of 30 minutes. It is important
to acknowledge that during the deposition we need to maintain all values according to
table 3.1. Finally, when all the previous processes are complete, we reestablish the
ambient pressure on the chamber and remove the samples, that have a ZnO thin film
deposited on top 3.1.
3.1.2 Results and discussion
After the deposition of a thin film of ZnO on top of our PET substrates, the samples
are almost transparent at eyesight and are extremely uniform as can be observed in
the SEM images in figure 3.2.
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FIGURE 3.2: (a) Photograph and (b) SEM image of our ZnO seed layers in PET de-
posited on IBD.
To know the preferential direction of nanowire growth, we need to know the crys-
tallographic structure of our seed layer. To obtain this measurement we performed an
XRD in a Rigaku Smart Lab 9kW equipment (IFIMUP), scanning from 20 to 80◦ with
a 0.01◦ step in approximately 7 minutes. The resulting diffractograms are displayed in
figure 3.3.
FIGURE 3.3: XRD diffractograms of seed layer and PET substrate.
Analysing the XRD data, one can see that the PET and seed layer diffractograms
are identical. This means that the seed layer does not grow with a preferential crystal-
lographic direction and that the nanowires growth orientation will only be defined by the
hydrothermal process. Similar results have already been reported for ZnO seed layers
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made by electrodeposition and spin-coating of a sol-gel solution [65], in which the seed
layer was found to be in an amorphous (or nanocrystalline) phase. Nevertheless, we
still obtain a compact and homogeneous thin film that facilitates ZnO NWs growth and
allows us to easily have nanowires on top of it.
Finally to verify if the seed layer contained any impurities, we performed an EDS
analysis to the sample’s surface. The resulting spectrum is depicted in figure 3.4 and
we can observe that carbon and indium are detected due to the PET/ITO substrate.
FIGURE 3.4: EDS spectrum of a ZnO thin film (seed layer) deposited in a PET/ITO
substrate using IBD.
3.2 Hydrothermal growth
This method was chosen to grow our nanowires. Using ZNH and HMTA we can
easily produce, by a chemical method, our samples with high efficiency. The amount of
samples that we can produce only depends on the capability of submersing them, so,
with this method, we can have very homogeneous results in a wide number of previ-
ously ZnO coated substrates. The followed process of growth is stated in section 2.1.2.
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3.2.1 Experimental procedure
ZNH and HMTA were mixed on an equimolar ratio (1:1) and dissolved in deion-
ized water. The use of this water is extremely important to ensure that no additional
reactions occur.
To grow ZnO NWs through a hydrothermal process, we used 200 mL of an aqueous
solution containing 25 mM of ZNH and 25 mM of HMTA, which corresponds to 0.7 g of
HMTA and 1.5 g of ZNH. This solution was heated in an oven at 95 ◦C, with a disposal
like the one represented in figure 2.2. The use of an oven over a hot plate is justified by
the fact that heating is more uniform, in order to have equal results.
In order to improve our piezoelectric coefficients we also doped our nanowires with
Lithium, as previously studied on [28]. To the normal ZNH/HMTA solution we added 25
mM of LiNO3 (ratio 1:1:1), corresponding to 0.34 g in a 200 mL solution and repeated
the same procedure.
3.2.2 Results and discussion
In the end of the hydrothermal growth of nanowires, the samples acquire white
tones, as can be seen in figures 3.5 (a) and (b). In addition, after draining the remaining
solution and drying the white deposits present at the bottom, we obtain a white powder,
as depicted in figure 3.5 (c).
FIGURE 3.5: Samples with nanowires grown by hydrothermal method using (a) ZnO,
(b) Li-doped ZnO and (c) gathered ZnO powder.
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The aspect of samples after the ZnO nanowire growth by hydrothermal method in
comparison with the initial seed layer is also illustrated in the SEM images depicted in
Fig. 3.6.
FIGURE 3.6: SEM images of of (a) the ZnO seed layer, and (b) the ZnO nanowires
grown on top after the hydrothermal process.
With SEM we confirmed that the seed layer facilitates the NWs’ growth. After the
hydrothermal process, one can see that the NWs have a very uniform growth along all
the sample.
We would like to acknowledge Ana Maria Rego from IST in Lisbon, for all the XPS
measures here presente. Fig. 3.7 shows XPS spectra of PET/ITO with ZnO seed layer,
with ZnO seed layer and NWs and PET/ITO with ZnO seed layer and lithium doped
NWs.
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FIGURE 3.7: PET substrate with a ZnO seed layer (green line), PET substrate with
ZnO NWs doped with lithium (pink line), and PET/ITO substrate with ZnO NWs (blue
line).
The atomic percentage of the samples composition was estimated using the XPS
results and is presented in table 3.2. A zoomed view of the Zn 2p peak is shown in
figure 3.8. The Zn/O ratios change between samples being 1.2, 1.0 and 1.1 for the seed
layer, ZnO NWs and ZnO/Li NWs, respectively. This can be explained because,in the
fabrication of the seed layer using IBD, no oxygen was added in the chamber, leading to
oxygen deficient films, and doping the ZnO NWs with Lithium is likely to induce defects
in the structure. The Zn 2p peaks present slight variations in the binding energies,
related with the systems’ sensibility and variation, as values are all near the expected
ones. Additionally, Indium was discovered in the ZnO NWs sample coming from the
ITO layer that is bellow the ZnO seed layer in that sample.
TABLE 3.2: XPS quantitative analyses of ZnO samples
Sample Zn (%) O (%) C (%)
ZnO S.L. 28.8 53.1 18.0
ZnO 21.3 59.6 19.1
ZnO/Li 30.1 45.9 24.0
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FIGURE 3.8: Zoomed Zn peak on the XPS measurement.
Lithium was not detected in our samples due to its reduced atomic number. Since
XPS measures electron interactions, atoms like Hydrogen, Helium and Lithium are ex-
tremely difficult to detect using this technique.
3.3 Spin coating
Spin coating deposition was the obvious choice to deposit our insulator polymers.
Its easy procedure and uniform results make this process the logic path. In this section,
the chemical production of the used polymers and the deposition process using the
Laurell WS-650S-6NPP spin coater (Fig. 3.9) are detailed.
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FIGURE 3.9: Spinner available at CEMUP’s cleanroom.
3.3.1 PMMA
PMMA was produced by mixing 1.2 g of PMMA powder with 8.8 g of Anisole in a 12
wt% on a beaker and stirring it for 4 h at 50 ◦C. This process creates a highly viscous
polymer that has good adhesion and consistency. The setbacks of using PMMA are
that it has no piezoelectric effect, it is difficult to produce and when using Ag paste as
electrode, the solvent present in it dissolves the polymer creating short circuits in our
samples.
We deposited PMMA using a spinner at 3000 rpm during 30 s. Finally, to evaporate
the solvent and uniformize the film, we did a soft bake of 100 ◦C during 1 min. In the
end, using the PMMA powder available at Alumina lab [Fig. 3.10 (a)] we were able
to obtain a thick layer that insulates our NGs [Fig. 3.10 (b)]. We were also able to
characterize our samples by obtaining cross-section SEM images of our final NGs with
PMMA, depicted in figure 3.11. These represent extremely good results as we can
clearly see that the nanowires are vertically aligned and extremely uniform, with the
same height and radius in almost all. The 87.50 nm seed layer is homogeneous across
all the sample, and has on top of it two different structures growing. Although the NG
is mainly filled by nanowires, we have small structures in the form of discs that fill the
gaps between the NWs (see insets in figure 3.11). As for the PMMA, we were able to
see that it is thick and that it insulates all the system from any exterior contact.
Fabrication of ZnO and PVDF nanogenerators 36
FIGURE 3.10: (a) Available PMMA at alumina lab and (b) Final aspect of NGs with
ZnO seed layer and NWs and encapsulation with PMMA.
FIGURE 3.11: Cross-section SEM image of a NG with PMMA encapsulation. Insets
show top-view SEM images took after the ZnO hydrothermal growth, where one can
see disk-like structures (upper left) and nanowires (bottom right).
3.3.2 PVDF
In the beginning of our work we decided to explore the piezoelectric properties of
PVDF, as we wanted to implement this polymer on our NGs and substitute PMMA on
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their composition. So, we first start to study its fabrication in order to know how we
could successfully implement it.
We produced a 10 wt% PVDF/DMF solution, that was mixed in a hot plate with
magnetic stirring for 15 min at a temperature of 35 ◦C. In the end, the mixture was
placed on an ultra sound bath to help dispersing the particles. PVDF used on this
procedure is displayed in figure 3.12.
FIGURE 3.12: PVDF available on department to produce our solution.
Our aim was to obtain the maximum presence of β-phase in the polymer. Since
we already knew that the thickness of the deposited film influences the fraction of β-
phase [58], we started by optimizing the deposition thickness by tuning the spin speed.
To measure the films, we deposited our PVDF solution on glass substrates and
used the Dektak XT, Bruker perfilometer available at CEMUP’s clean room facilities.
Results can be observed in figure 3.13.
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FIGURE 3.13: PVDF thickness measurements as a function of the rotation speed
used, for a 30 s deposition process.
As expected, the film thickness decreases sharply with the spinner rotation speed.
Since less thickness represents more β-phase content we can expect the best values
to be present when using higher rotations. However, since we are trying to work with
PVDF as an encapsulating agent, we need to assure that we have sufficient thickness
to seal all the system. So, in the remaining of our work we chose 2000 rpm deposition,
as it was the only value above 1000 nm, assuring us that we have sufficient thickness
to isolate our NG.
To determine the amount of each phase that we obtained in our samples we used
the FTIR technique. To estimate these fractions we first need to identify where are the
peaks of each crystallographic phase. The α-phase of PVDF is the most easily de-
tected by FTIR, as it has several absorption bands, 614, 766, 795, 855 and 976 cm−1.
However, some absorption bands are mixed between phases. In particular, many au-
thors classify the strong peak at 840 cm−1 as a characteristic of the β-phase while others
consider it common to both phases [48, 88, 89]. Since in this work the highest intens-
ities were obtained for this peak, we considered that this was our main point of phase
calculus. Moreover, it has been recently accepted that the band at 840 cm−1 is common
to both phases but it is a particularly strong band just for the β-phase [58, 88].
To find out the best way to produce PVDF with high β-phase content, we character-
ized several samples that were produced in different conditions, using a PVDF solution
(10% wt). For this I would like to thank Dr. Clara Pereira (Requinte) for the help and
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time provided. First, we started to discover what was the best annealing temperature
for PVDF. One should know that the calculated fractions only allow us to distinguish the
best way to achieve more β-phase, and do not constitute the real value, due to oscil-
lations of % Transmittance values between measurements of the same sample. Also
all measurements were made on glass substrate to avoid band mixing of the PET/ITO
substrate with PVDF.
a) b)
FIGURE 3.14: FTIR spectra of 2000 and 6000 rpm spin depositions with different
annealing temperatures.
The next logical step was to know what was the best spinner speed and so we
fixed the temperature at 80 ◦C and varied the deposition rotations, first for 2000,4000
and 6000 rpm (Fig. 3.15). Adjusting the base lines and collecting the values at 761
and 840 cm−1, we used equation 2.4 to calculate the fraction of PVDF. Results for
figures 3.14 (a), 3.14 (b) and 3.15 are all shown in table 3.3.
FIGURE 3.15: FTIR spectra of 80 ◦C annealed samples deposited with different rota-
tions.
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TABLE 3.3: β-phase fraction for 2000, 4000 and 6000 rpm spin deposition with different
annealing temperatures.
Sample 70 ◦C 80 ◦C 90 ◦C
2000 rpm 34.58 37.32 34.81
4000 rpm – 28.63 –
6000 rpm 26.58 31.04 25.86
In these results we confirm that 80 ◦C is the best temperature for annealing. How-
ever, the fraction value for 2000 rpm is larger than for 6000 rpm. This is due to the
FTIR sensibility, as the 6 Krpm deposition creates an extremely thin film and increases
the error in measurements. Therefore, we decided to prepare new samples with de-
positions at 4000, 5000 and 6000 rpm and 80 ◦C annealing (Fig. 3.16). The obtained
results are different from those of the previous set of samples due to FTIR variability
from measurement to measurement. Once again remembering that only the relation
between values is important, fractions are shown in table 3.4.
FIGURE 3.16: FTIR spectra of 80 ◦C annealing temperature samples with 4k to 6k
rotations.
TABLE 3.4: β-phase fraction of 80 ◦C annealing temperature samples with 4k to 6k
rotations.
Sample 4k rpm 5k rpm 6k rpm
Frac. β-phase (%) 13.78 14.84 15.45
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As higher rotations lead to thinner films, the transmittance of the FTIR measure-
ment becomes almost total, as the samples is transparent, decreasing its sensibility to
small details. Knowing from the beginning that, with high rotations we would have more
β-phase content, we created samples with 5 and 10 layers subsequently deposited at
6 Krpm (Fig. 3.17 and Tab. 3.5), hoping that the stress caused by the tension between
layers would keep the polar phase at maximum value while having the thickness that
we needed. These samples presented the best results for β-phase content. However,
they were not uniform and the deposition of the last layers was quite hard due to the
PVDF properties.
FIGURE 3.17: FTIR spectra of multilayers deposited with 6000 rpm and 80 ◦C anneal-
ing.
TABLE 3.5: β-phase fraction of 5 and 10 multilayers deposited with 6000 rpm and
80 ◦C annealing.
Sample 5 M.L. 10 M.L.
Frac. β-phase (%) 37.79 47.60
So, in order to enhance our fabrication methods and to develop more studies of
how to enhance β-phase content, we decided to dope PVDF with Silver (Ag) [51, 52].
In collaboration with Dr. Eduardo Arruda (INEB) we created 5 different concentrations
of PVDF with Ag. First we produced normal PVDF (10% wt) solution, using 5 g of PVDF
and 50 g of DMF. Next, we divided 5 equal portions of this solution, in order to keep 10
mL of solution in 5 different flasks. In these, we mixed 5 different dosages of AgNO3:
- Sample 0: Added 429.7 mg corresponding to 250 mM of AgNO3.
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- Sample 1: Added 8.494 mg corresponding to 5 mM of AgNO3.
- Sample 2: Added 16.988 mg corresponding to 10 mM of AgNO3.
- Sample 3: Added 25.482 mg corresponding to 15 mM of AgNO3.
- Sample 4: Added 33.975 mg corresponding to 20 mM of AgNO3.
These samples were all deposited on the spin-coating device using the method
previously described with a maximum of 2 Krpm speed, to ensure sufficient thickness
for the encapsulation. The visual aspect differed from our non-doped ones and, as Ag
concentration increased they became browner, instead of transparent light grey like the
normal samples(Fig. 3.18).
FIGURE 3.18: (a) PVDF doped with Ag, from left to right in order of concentration and
(b) non-doped samples.
Strikingly, in all of our measurements the α-phase was not detected, which means
that the amount of PVDF in this phase is residual and that our FTIR is not sensible
enough to quantify it. These results prove that piezoelectric β-phase content was en-
hanced by doping PVDF with silver and that its fraction values are close to 100%. The
FTIR spectra for silver doped PVDF are represented in figure 3.19.
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FIGURE 3.19: FTIR spectra of silver doped PVDF deposited with 2000 rpm and 80 ◦C
annealing.
To verify the composition of our samples, we also performed an XPS measurement,
in the Ag (15 mM) doped PVDF sample (Fig. 3.20). These spectra show evidence that
PVDF has a slight change on content of Fluor and Carbon, the F/C ratio being 2.33
when it should be 2. This can be due to the insertion of silver, which, by analyzing
the data, was found to be in a non-metallic state, Ag+ and Ag3+ [90]. The atomic
percentage was calculated and is present in table 3.6.
FIGURE 3.20: Measured XPS graph of PVDF doped with Ag (15 mM).
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A zoomed view of the Ag 3d peak is shown in figure 3.21.
FIGURE 3.21: Measured XPS graph of PVDF doped with Ag (15 mM).
TABLE 3.6: XPS quantitative analyses of the PVDF doped with Ag sample (15 mM).
Sample Ag (%) O (%) C (%) F (%)
PVDF/Ag 1.5 1.5 47.6 49.4
To detect the presence of silver and observe the structure changes in PVDF we per-
formed SEM characterization, which is shown in figures 3.22 and 3.23. We can clearly
see the structural changes caused by the amount of silver added. Ag nanoparticles
were found in abundance for sample 3 confirming that their presence can transform
the polymer arrangement and possibly enhancing the PVDF β-phase. To prove that Ag
nanoparticles are present in the PVDF composition we further performed a EDS scan
(Fig. 3.24).
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FIGURE 3.22: SEM images of a 5 mM Ag doped PVDF thin film (sample 1), (a) overall
structure and (b) zoomed Ag nanoparticles.
FIGURE 3.23: SEM images of a 15 mM Ag doped PVDF thin film (sample 3), (a)
overall structure and (b) zoomed Ag nanoparticles.
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FIGURE 3.24: EDS scan of a 15 mM Ag doped PVDF thin film (sample 3).
Finally, also for SEM characterization we replaced PMMA for PVDF in our NG com-
positions, using 2 Krpm spin deposition and 80 ◦C of annealing, and analysed its cross-
section. Results are shown in figures 3.25 and 3.26. Observing the SEM images, we
see that for the normal PVDF NG with ZnO NWs (Fig. 3.25), we have similar results to
those depicted in figure 3.11. Nanowires are vertically aligned with uniformity in heights
and radius. The seed layer is again very uniform across all the sample, but in this case
the tiny elements that are immediately on top of the seed layer are now in the form
of leaves instead of disks (see inset in figure 3.25), indicating that ZnO is growing in
several different shapes during the same procedure. As for PVDF, although it is thinner
than the PMMA layer it still isolates the NG and presents a good uniformity. However,
analyzing the NG with Li-doped ZnO NWs and PVDF (Fig. 3.26) we see that the growth
is not directional, with different angles between nanowires in random directions. One
important fact is that, after the hydrothermal growth, the seed layer disappeared. This
can be due to the fact that, as NWs grow in random crystallographic directions, they
destroy the seed layer. In terms of NW distribution, these samples present dispersed
agglomerates like those on the zoomed views and several blank spots where there is
nothing more but the PET substrate.
To properly identify the crystallographic directions of the two different fabricated
NWs, we performed XRD scans from 20 to 80◦ with a 0.01◦ step. The measured spectra
are depicted in figure 3.27.
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As we can see, the insertion of Lithium in the mixture creates a new (201) crystal-
lographic direction, confirming that its presence causes more disorientation in the NWs
growth, as we could see in the SEM figure 3.26. One way to get through this problem,
is to, instead of growing the Li-doped ZnO NWs directly by a hydrothermal process, col-
lect the powder from the solution, anneal it and posteriorly disperse it in the insulating
polymer. After this procedure, to align the NWs a polling must be applied.
FIGURE 3.25: Cross-section SEM image of a NG with ZnO NWs and encapsulation
with PVDF. Insets show top-view SEM images of the hydrothermal growth step illus-
trating the leaf-like structures at the bottom of the NWs (bottom left) and the ZnO NWs
(upper right).
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FIGURE 3.26: Cross-section SEM image of a NG with with Li-doped NWs and PVDF
encapsulation. Insets show detailed top views of the Li-doped NWs after the hydro-
thermal growth.
FIGURE 3.27: XRD diffractogram of collected powder from the hydrothermal growth of
ZnO NWs (black line) and Li-doped ZnO Nws (red line).
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3.4 Conclusions
We confirmed that 80 ◦C is the best temperature for PVDF annealing and that higher
rotations lead to thinner films, and although the FTIR sensibility to small quantities is in-
sufficient, we proved that the lower the thickness, the higher the β-phase content. This
was ultimately confirmed by the results of 5 and 10 layer samples produced using 6
Krpm spin deposition (Fig. 3.17). Surface tensions cause more stress on the film when
it is thinner, and in addition, forces between layers keep the polar phase at a maximum
value while we get the thickness that is needed for NG fabrication. With silver doped
PVDF, although we were not able to quantify the fraction of β-phase content, the fact
that the α-phase was not detected, shows that its presence is residual, proving that
the piezoelectric properties were enhanced by doping and that β-phase fraction values
are around the 100% mark. With XPS, we saw that depositions of ZnO and PVDF
were successful and that doping ZnO NWs with Lithium creates defects on the crystal-
line structure, which according to literature [28] increases the piezoelectric coefficients
therefore enhancing the output potential. SEM images allowed us to verify our NGs
composition and confirm that our fabrication steps gave us successful results, with ver-
tically aligned NWs, uniform growth and total insulation, using PVDF and PMMA. As for
Li-doped ZnO NGs we verified that the fabrication method needs to be adapted, as the
seed layer gets destroyed by the random growth of its NWs.

Chapter 4
Nanogenerators: Composition and
Measurements
In this chapter, we demonstrate our piezoelectric nanogenerators, explaining how
they are composed, designed and tested. In particular, we describe the two measure-
ment systems that were created to obtain the output potential, one based on bending,
and another on compressive force. Additionally, one ideal measurement system was
designed in 3D Solid Works.
4.1 Composition
For ZnO based nanogenerators [1], we have to ensure that all the packaging is in
between two electrodes. This way, an electrical path to an external circuit is assured.
Our bottom electrode for the perpendicular configuration is ITO, and the top electrode
is generally a copper tape, although sometimes we used aluminium contacts deposited
by IBD, or applied Ag paste.
To ensure that we have zero electrical potential and no short circuits between the
electrodes, we have to insulate the system by filling the gap between the two electrodes
with a polymer. In our case, we first started to use PMMA, which suited perfectly, but
in order to improve our output efficiency, we switched to PVDF, which is piezoelectric,
and so, we get an advantage, since the system is insulated by a polymer that enhances
our signal. This NG composition shows an electric resistance of approximately 10 MΩ,
which is increasingly better than the ≈430 Ω that the NG presents in the absence of
the insulator.
The processes to produce the NGs are those stated on in chapter 3 and are here
presented in sequence.
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The fabrication of a NG starts with the deposition of a zinc oxide seed layer. For this
process we used an Ion Beam deposition system in order to have the most uniform and
rigorous structure, ensuring this way a proper hydrothermal growth, with the crystallo-
graphic direction that we want. This process lasts 30 minutes to ensure that all surface
is coated. In perpendicular devices, the substrate corners were covered with Kapton
prior to the IBD deposition process, to ensure a direct connection with the electrode.
The presence of this seed layer composed of a ZnO thin film ensures a resistance of
approximately 700 Ω.
In the next step, we grew ZnO NWs through the hydrothermal method, described
in 2.1.2. During this process the samples are immersed in the hydrothermal bath and
kept at 95 ◦C for 2.5 hours. The presence of the seed layer facilitates the formation of
the ZnO NWs, which grow aligned and only on the face that has the ZnO thin film.
After the hydrothermal process, we dry the samples at ambient temperature and
collect the remaining powder. To ensure that the NWs are all encapsulated and elec-
trically insulated, we use the spin coating technique to deposit a polymer. In the case
of PMMA, we use 3000 rpm during 30 s, and a soft baking of 1 min at 100 ◦C to have a
thickness of around 1.5 µm. For PVDF, from the study that we did on subsection 3.3.2,
we chose to deposit with a step sequence, first 5 s with 100 rpm, then 5 more seconds
with 500 rpm and finally 2000 rpm for 20 s, for a total of 30 s of deposition. After the
PVDF deposition, the samples are baked at 80 ◦C for 1 minute, placed in vacuum for 1
h and finally annealed at 80 ◦C during 2 h in a vacuum oven, facilitated by INEB. These
conditions were used for all the procedures stated, due to a non uniform deposition
verified in the first samples that were discarded.
After all these steps our samples have 1.5 × 1.5 cm2 of dimension and are ready
to be tested. The final composition is illustrated in figures 4.1 and 4.2.
a) b)
FIGURE 4.1: (a) Nanogenerator final package and (b) Each component described,
both images were produce in a SolidWorks virtual environment.
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FIGURE 4.2: PMMA NG surface aspect on a optical microscope.
4.2 Experimental measurements
To test our NG’s output potentials, we started by measuring the output using rudi-
mentary tools, in order to define the best way to build a homemade system. With Ag
paste we prepared electrodes on our PMMA NG samples (Fig 4.3). The output voltage
was then measured using two different methods: (i) using a toothpick and (ii) vibrating
the sample by placing it near a speaker.
FIGURE 4.3: Sample preparation with Ag paste suiting as electrode.
Once we had more samples to test, we needed a viable measurement system with
systematic and constant conditions. So, in collaboration with Eng. Francisco Carpin-
teiro and Fernando Santos, we created two testing setups, that allowed us to evaluate
our samples in different types of deformation, compressive and bending forces. These
are described in the next sections.
All the measurements were performed using a Tektronix TDS 2012C Oscilloscope
[Fig. 4.4 (a)], with 100 MHz bandwidth and 2 Gb/s sample rate controlled by a LabView
program [Fig. 4.4 (b)] developed by me and my colleagues Bernardo Bordalo, Carla
Alves and Ca´tia Rodrigues. Note that the measurements here displayed are chosen
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from a larger number of acquisitions and are representative of the overall behaviour of
the samples.
a) b)
FIGURE 4.4: (a) Oscilloscope used to measure the output potentials of our NGs and
(b) front panel of our Labview program.
4.2.1 Compressive set-up
To test how a compressive deformation affects our samples and the output poten-
tial, a compressive experimental set-up has been designed, built and tested. Further
details and measurement results are described below.
4.2.1.1 Design
The nanogenerator is held using duct tape onto an acrylic surface, with one of the
electric contacts on the ITO, placed using copper tape and another on the deformation
bar. We covered the bar tip with Kapton to avoid electrical conduction of the aluminum
and on top of it we placed the copper tape holding an electrical wire directly linked to
our oscilloscope.
The system is based on the systematic compression of the sample, where an
electro-valve is activated using a power source and a signal generator that regulates
the hit frequency of the aluminum cantilever. In this system we use a power source that
generates 24 V to supply the electro-valve, the power source is connected to a signal
generator that regulates the frequency of the electro-valve activation. Figure 4.5 shows
the compressive set-up implemented in our lab.
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FIGURE 4.5: Homemade measurement system based on compressive deformations
on the center of samples.
4.2.1.2 Results and discussion
Using the LabView program developed in this work and the experimental set-up
described above, we studied several samples and analysed the output results. During
the first measurements we were able to identify a problem with the designed set-up.
When the electro-valve was activated it emitted a magnetic pulse, that was inducing
current on the oscilloscope wires, causing peaks on the output signal and were falsifying
our results. To prevent this, we covered the electro valve and all the wires with several
layers of aluminum foil. This solved the problem and the system was ready to properly
measure. In the next graphics we see the results obtained on ZnO NW generators
covered with PMMA, for a hit frequency of 3 Hz.
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FIGURE 4.6: Two time traces of the output potentials obtained for two compressed
perpendicular PMMA with ZnO NWs NGs.
FIGURE 4.7: Output results for a PVDF doped with silver (15 mM) thin film deposited
on ITO.
Analyzing the data in figures 4.6 (a) and (b) we can see that for a compressive de-
formation we have extremely good results for PMMA NGs. With our first measurement
we obtained peaks up to 2 V and regularly 1 V of output, as showed in figure 4.6 (a).
To test the reproducibility of our samples, a similar NG was then measured, using
the same compressive set-up. The obtained graph, depicted in figure 4.6 (b), shows
a similar behaviour. Although peaks exhibit an overall smaller intensity, the results
obtained are still quite good, with a top peak above 800 mV and overall 300 mV of
output potential. This measurement proved the efficiency of our piezoelectric PMMA
NGs.
Finally, we measured a PVDF thin film doped with 15 mM of silver, fabricated us-
ing the operations described in section 3.3.2. Figure 4.7 shows the obtained results,
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demonstrating that a single thin film of PVDF, without any ZnO material produces con-
siderable output potential values, similar to the ones obtained for the PMMA NGs with
ZnO nanowires. These results were confirmed by different aspects. First, the contact
between the metal bar and our sample was carefully covered with Kapton, so that no
current could be directly induced in the contacts. The possible presence of a tribo-
electric effect due to interactions with PMMA-Copper-Kapton or PVDF-Copper-Kapton
would not explain the difference in signal between the 2 PMMA NGs. In addition, no
triboelectric effects expected between the components used in our samples. Finally,
preliminary measurements made on deformed PVDF thin films had already shown high
potential outputs. Therefore, after carefully analysing our results, we are confident that
the output signal measured is accurate. Unfortunately, due to a broken piece on our
device, we were not able to measure additional samples using the same compressive
set-up. Therefore, we built a new system in order to measure all produced NGs and
test other types of deformations.
4.2.2 Bending set-up
In order to test bending forces applied to our NGs, an experimental set-up was
created to bend our samples and measure the output voltage.
4.2.2.1 Design
The system has a metallic rail which contains two PVC pieces that hold the sample
during the measure, one of the holders is fixed by a screw and the other is linked to
a Parallax Inc. High Speed Continuous Rotation servo motor by a brass bar. In this,
we installed a spring mechanism that softens the pulling force on the sample, that is
deformed by the back and forth movement of the mobile piece. Electric contacts are
made by pressing the wires into the ends of the sample using the screws placed on the
holders. The bending frequency is controlled by an Arduino microprocessor, linked to
the motor and to a computer where we program the whole process. In figure 4.8 we
can see a photograph of the described system.
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FIGURE 4.8: Bending set-up used to measure the output potential of NGs upon a
bending force.
4.2.2.2 Results and discussion
Using our bending set-up we were able to measure all of our samples, allowing us
to extract important relations between NGs efficiency. Using a Servo motor linked to
an Arduino microprocessor, we controlled rotation speeds using a Arduino interpretor
on the PC. This allowed us to fix the parameters for all measures. Output potentials
obtained as a function of measurement time are plotted in figures 4.9 and 4.10.
FIGURE 4.9: Output results for three similar ZnO/PMMA NGs (same composition).
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Observing the graphs presented on Fig. 4.9 we conclude that, for a bending de-
formation, the PMMA NGs [Fig. 3.10 (b)] based on ZnO NWs do not present high
efficiency, as almost all of the signal is noise and the few peaks that stand up do not
even reach the 20 mV mark. This may be ascribed to the fact that all ZnO NWs have a
preferencial growth along the c-axis and are vertically aligned, and so a lateral perturb-
ation such as bending the sample will not affect the highest piezoelectric coefficients.
Simulation results that will be presented in the following chapter allowed us to verify this
effect, as extremely lower output values were obtained when applying lateral forces.
a) b)
c) d)
e)
FIGURE 4.10: Output results for: (a) PVDF thin film deposited with 2 Krpm on PET
in the parallel configuration, (b) PVDF doped with silver (5 mM) thin film deposited on
ITO in the perpendicular configuration, (c) PVDF doped with silver (10 mM) thin film
deposited on PET in the parallel configuration, (d) PVDF doped with silver (20 mM)
thin film deposited on ITO in the perpendicular configuration and (e) PVDF doped with
silver (250 mM) thin film deposited on PET in theparallel configuration.
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When measuring bended NGs made with PDVF (Fig. 3.18) we see that the beha-
viour is quite different, evidencing the appearance of output peaks with higher values.
Starting with non-doped PVDF, in Fig. 4.10(a) we can see that values are still extremely
low, never surpassing 20 mV. As PVDF presents less adhesion and hardness than
PMMA, replacing PMMA by PVDF in our samples was found to be a poor choice. How-
ever, analysing the results obtained for silver doped PVDF, we can see improvements
on the output signal. With only 5 mM [Fig. 4.10(b)] the behavior is quite similar to the
non-doped PVDF sample [Fig. 4.10(a)], having just a slight increase in the output val-
ues. But, when the dosage is raised to 10 mM [Fig. 4.10(c)], peaks with double the
value of the ones measured in the previous samples were obtained, reaching almost
up to 40 mV. These results confirm that the presence of Ag nanoparticles has influence
on the output signal. In figure 4.10(d) we see maximum values similar to the previous
measurement. However, with a 20 mM silver content we have almost all peaks near 30
mV, instead of sporadic high points like with 10 mM. In the last measure [Fig. 4.10(e)],
the behaviour is equal to the 10 mM sample [Fig. 4.10(c)], presenting sporadic high
peaks that reach 30 mV. This makes 20 mM of silver content the best mix to replace
PMMA on our NG composition.
With these measurements, we also discovered that for PVDF samples there is no
difference in the output value between perpendicular (ITO as bottom electrode and
copper on top) and parallel (copper on both ends of the sample) configuration, which is
extremely benefit for impregnation in our NGs.
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4.2.3 Ideal experimental set-up
FIGURE 4.11: Solidworks design for an ideal experimental setup to be developed with
its different possibilities: (a) rest, (b) torsion, (c) bending/torsion and (d) compressive.
Figure 4.11 shows an ideal measuring system designed to allow several types of
deformation forces to be applied to the device. This set-up possibly can be built in the
future providing an optimized system to be used by other researchers to continue this
work.
This system allows three types of deformations. The idea is to make the blue
pieces that hold the copper cylinder and that will suit as contacts, to be able to rotate
and extend. This will allow bending and torsion deformations on the samples that are
clamped by the two holders. To produce these movements we can use rotating servo
motors, one to push the bars and another to rotate them.
The third kind of deformation is compression. This occurs when the top structures
are pushed down and compresses the sample. On the clamps we could also add an
acrylic piece, to ensure that the samples are pressured into a surface. The compress
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structure is removable, and is attached to the main part. In the top center where the bar
is fixed, we would have springs that keep it suspense, until a force applied downwards
pressures its tip into the sample. This downwards pressure on the bar can be done by
an electro-valve as the one used in our first compressive set-up.
Chapter 5
Simulations of ZnO nanostructured
generators
Using the COMSOL software, we simulated through Finite Elements Method (FEM),
the output potential of various piezoelectric ZnO nanostructures upon deformation, ap-
plying lateral and vertical loads on surfaces. The objective of this study was to know if
we can enhance the output potential by modifying the nanowires morphology.
5.1 Introduction
Nanowires were created on COMSOM. This is a high-end simulation program
where we can create 3D models and study the effects of several properties and be-
haviors. To create a single nanowire we first need to define its radius (R) and height
(H), the ratio between H and 2×R giving us the aspect ratio.
To simulate the effects of mechanical loads on surfaces we start from an equilibrium
condition [91], where there are no body forces (f
(b)
e = 0) acting on our structures, so:
∇.σ = f (b)e = 0, (5.1)
where σ is the stress tensor, related to strain (ε), electric field (E) and electric displace-
ment (D) in:


σµ = cλµεµ − eiµEi
Di = eiµεµ + ǫijEj
, (5.2)
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in which cλµ is Young’s modulus, eiµ stress piezoelectric coefficient and ǫij the permit-
tivity constant, where i, j = 1, 2, 3 and λ, µ = 1, 2, 3 . . . 6. To describe an applied force
in a random direction, we use eiµ, which for ZnO is:
eiµ =


0 0 0 0 e15 0
0 0 0 e15 0 0
e31 e31 e33 0 0 0

 . (5.3)
Values of eij are stated in table 1.3.
Assuming that there are no free charges, ρ
(b)
e = 0, we get:
∇.D = ρ(b)e = 0. (5.4)
For the simulations performed in this work we assumed several conditions [92, 93,
94]. First, the boundary load, i.e., the part of the surface where the force is applied,
always on top of the wires. The boundary load consists on a force that can be defined
as, σ.n = FA, with FA =
F tot
A
, where ~n the vector of the applied force, FA, the total applied
force, Ftot, divided by the area (A). In our study, we varied the total applied force.
To properly study our wires, we have to define one boundary as a base, where it
has a fixed constraint u = 0, ground connection and zero potential (V = 0). This is
always located at the bottom of the structure.
Our study was divided in 3 different steps, with increasing structure complexity.
First, we created a single ZnO nanowire (H=500 nm, R=50 nm), as seen in figure 5.1.
Then the same nanowire in a mushroom form, with a semi spherical tip (R=100 nm).
Finally we created a tree made of nanowires, from the same base as the others, with
several attached wires (R=25 nm).
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FIGURE 5.1: 3D cylindrical nanowire created on COMSOL.
The output potential was calculated as a function of an external force (F ), varying
from 0.01µN to 0.1µN, in 0.005µN steps, applied along the x, y and z directions on the
top surfaces of the nanostructures.
5.2 Results
5.2.1 Nanowire
We present the behaviour of electric potential as function of the applied force, in
all axis, first for a single NW with H = 500 nm and R = 50 nm. The mesh chosen
was tetrahedral extra fine division in COMSOL, which has an element size between
0.975 and 22.8 nm, a maximum element growth rate of 1.35 and a resolution of narrow
regions of 0.85.
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FIGURE 5.2: (a) Structural deflection with Fx on the top surface, (b) Electric potential
caused by a Fy deformation and (c) Perpendicular Fz compressing the nanowire.
As displayed in figure 5.2, the electric potential for the same amount of force is
larger for an absolute perpendicular compressive force value (Fz) than for a parallel
bending force (Fx and Fy). We can compare the values in the next graphic. All meas-
urements of potential are absolute in order to compare the effectiveness of structures.
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FIGURE 5.3: Resulting piezoelectric potentials in function of total applied force, in X,
Y and Z axis.
In figure 5.3, we see that for a maximum force of 0.1µN we obtained a maximum
potential of 0.63 V for Fz and only 0.19 V for Fx and Fy. This is explained because,
as previously stated, for a single crystal of ZnO following Voigt’s notation, the (e33)
piezoelectric coefficient has the highest value (Table 1.3), so for a force applied along its
c-axis we have a more efficient energy conversion. Furthermore, the relation between
applied force and potential was proved to be linear.
5.2.2 Nanomushroom
As a mean to improve the output potential of a piezoelectric ZnO nanostructure we
simulated a nanomushroom morphology. Theoretically, its semi-spherical tip will en-
hance the lateral bendings, because of its bigger surface area. So, once again we used
COMSOL to simulate a similar nanowire (H=500 nm, R=50 nm) with a semi sphere on
top (R=100 nm).
The mesh was also tetrahedral extra fine division in COMSOL, with an element size
between 0.975 and 22.8 nm, a maximum element growth rate of 1.35, curvature factor
of 0.3 and a resolution of narrow regions of 0.85.
In figure 5.4 we can see where we measured the potential using probes located in
surfaces. These probes were put in order to measure the potential in the 2 opposite
sides of the wire and on top to see the behaviour of the mushroom tip. The results
obtained are illustrated in figure 5.5. The output potentials were not quite as expected
as can be seen in more detail in Fig. 5.6.
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FIGURE 5.4: Location of the measurement probes put on the structure.
FIGURE 5.5: Electric potential caused by mechanical deformation on the top faces, in
directions, (a) Fx , (b) Fy and (c) Fz.
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a)
b)
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c)
FIGURE 5.6: Output potential results for (a) probe 1, (b) probe 2 and (c) probe 3.
Analyzing Figs. 5.5 and 5.6, we can see that, even though we expected the x and
y forces to have more efficiency, we obtained similar results to a single nanowire. So,
there is no improvement on the bending potential. This can be due to inertia as there is
more mass than in the previous setup. Nevertheless, due to its larger surface area, in
a practical situation it would be easier to deform than a simple nanowire.
On the other side, the perpendicular Fz force, again shows the best results, with an
output of 0.67 V determined for a 0.1µN z-axis compressive force. This value is 0.04 V
bigger than for a single nanowire. This is due to the fact that the extra mass, formed by
the mushroom tip, enhances the compressions. As mechanical to electrical conversion
is a linear effect, when we have more deformation, we get a larger output.
5.2.3 Nanotrees
Following our search to improve the output potential of the ZnO nanostructures, a
more complex tree structure was simulated, starting from the base nanowire (H = 500
nm, R=50 nm) now suiting as ”trunk”, with branches (R=25 nm) first with 333.33 nm
height and the shorts with 166.66 nm.
This last mesh, due to the complexity of the structure, was put in the tetrahedral fine
division, with a element size between 5.09 and 40.7 nm, a maximum element growth
rate of 1.45, curvature factor of 0.5 and a resolution of narrow regions of 0.6. The
location of the three probes in the simulated nanotree is illustrated in Figure 5.7.
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FIGURE 5.7: Location of the measurement probes put on the structure.
The simulation results obtained in this case are illustrated in Figure 5.8. One can
clearly see the improvement on lateral forces with 3 times more output than the previous
setups, reaching a maximum value of 0.52 V. However, for a perpendicular force applied
along the z-axis, we have almost half of the output value with a single nanowire.
FIGURE 5.8: Electric potential caused by mechanical deformation on all top faces, in
directions, (a) Fx , (b) Fy and (c) Fz.
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c)
FIGURE 5.9: Output potential results for (a) probe 1, (b) probe 2 and (c) probe 3.
In Fig. 5.9 we have a more detailed overlook of the output values on the probes
marked in Fig. 5.7. Promising results were found for the X and Y applied force. These
results showed that there is a big potential for parallel setups, in which rather than
using ITO as bottom electrode and copper on top, we use copper on both ends of the
device, to scavenge a difference in potential between the opposite sides of the tree.
However, the decrease of the potential under perpendicular compressive forces needs
some future work to better understand the effects.
Nonetheless, due to its spread surface area, this structure its more susceptible to
deformations, than a simple nanowire. This is an important factor for more accurate
and sensible piezoelectric sensors.
5.2.4 Additional nanostructures
More forms were simulated, but the obtained results were similar to the ones
showed by the mushroom structure. Nevertheless, they can be easier to fabricate than
the mushroom structure in a laboratory environment using photolithography or even by
chemical methods (Fig. 5.10).
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a) b)
FIGURE 5.10: (a) NW with cone tip and (b) NW with steps on top.
5.3 Conclusion
COMSOL environment allowed us to numerically simulate the effect of several de-
formations on piezoelectric zinc oxide nanostructures. Important relations between
form, geometric parameters and output voltage were extracted.
Generally speaking, for parallel forces (applied along the X and Y axis) we saw
that the output was minimum, and only in the nanotree structure value, higher output
potentials were obtained. This was due to the fact that, as X and Y forces were applied
in branches, they would in part affect the c-axis of the branch and produce energy with
the e33 coefficient, due to the angle formed between them. So, we can elaborate that,
the most important factor to take into account is to always orientate our structures so
they can be deformed in parallel with their c-axis.
Gathering all this information, we can tell that, for perpendicular nanogenerators,
simple nanowires are suitable, and the improvement by increasing complexity of the
structures will be only noticed in its sensibility. But, for parallel devices, we can see
that the lateral forces do not have a strong performance on simple nanowires, so that
other designs must be applied. In here, our nanotree based nanostructure ensures this
objective, with high lateral performance in both X and Y axis, always with symmetric
potentials, which doubles the output when measuring potential difference.
Chapter 6
Conclusions and future work
With the increasing presence of clean and renewable energy sources in our every-
day basic electronic systems, we are finally starting to see fossil fuels being replaced.
So, it is extremely important to develop new devices that are able to reduce energy
consumptions, and as we saw during our work, piezoelectric NGs constitute a reliable
alternative, with a wide range of applications and easy to implement.
As technological gadgets like smartphones or laptops are essential for any person
nowadays, the integration of NGs allows a constant energy feeding, greatly improving
their autonomy. Imagine that as we walk, with our phone in the pocket, its battery would
be constantly recharging by the movement of our body, and to increase efficiency, we
could combine it with thermoelectric and triboelectric effects, possibly creating a cell
that is self-powered and has no need to recharge from an external power supply. But,
not only tech devices can take advantage of piezoelectric NGs, because of their ver-
satility, they also suit perfectly as sensors to measure physical phenomena like: liquid
streams, wind flows, pressure, mechanical oscillations such as bendings, strains, etc.
Having self-powered capability, these devices can be installed in places that would oth-
erwise be impossible to reach. This new feature can enhance researches in multiple
fields, like in the biomedic area, where NGs can contribute to an extremely better health
control and save many lives with innovative in-body treatments, with small scaled sys-
tems that are biocompatible and are capable of doing real time monitorization.
Our main goal in the beginning of this work was to develop a piezoelectric nano-
generator based on ZnO nanowires that could generate up to 2 V, using simple and low
cost procedures that would allow a future mass production. Using ZnO bio-compatibility
and high piezoelectric coefficients, described in subsection 1.3.3, we deposited ZnO
through ion-beam deposition (subsection 2.1.1) and the bottom-up approach by chem-
ical hydrothermal growth (subsection 2.1.2). With IBD we deposited a ZnO thin film
on PET and ITO coated PET substrate, that would suit as seed layer in hydrothermal
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growth, facilitating NWs growth and vertical alignment. In this procedure we tested
several conditions that enabled us to get the best aspect ratio for NWs, increasing
the piezoelectric efficiency. Finally, we used spin-coating deposition (subsection 2.1.3)
where we deposited PMMA and PVDF to isolate the NWs present in our NG. Regarding
PVDF, on subsection 3.3.2 we did a systematic study to characterize its piezoelectric
behaviour. Results proved that we can enhance the presence of β-phase by: increasing
rotation speed on the spin-coat deposition, adjusting annealing temperature to 80 ◦C,
depositing several layers at high rotation for extra thickness and doping the solution
with silver. Therefore, PVDF constitutes a good PMMA substitute and it is capable of
enhancing the piezoelectric potential of our NGs.
In chapter 4 we showed the composition and final aspect of our NGs, along with
the results of piezoelectric output from the measurements performed in our two different
homemade systems, one of which applies bending deformation while the other com-
pressive force. Output signals showed that the efficiencies are higher for a compressive
force when compared to a bending deformation. When dealing with the first, one can
see that we regularly obtain high output values given that the results are presented in
volts. This is due to the direct stimulation of the highest piezoelectric coefficient (ǫ33)
present in the vertical axis of a ZnO NW. Surprisingly in this measurement we dis-
covered that PVDF doped with silver also presents strong results, proving its reliability.
Unlike compressive forces, for bending deformations, piezoelectric output potential only
reaches the few dozens of milivolts. However in this situation silver doped PVDF shows
more efficiency than ZnO NWs, explained by the fact that the lateral piezoelectric coef-
ficients of ZnO are low and the properties of PVDF are more appropriate for this type of
deformation. This again proves that replacing PMMA with PVDF is a positive change.
Additionally, simulations were performed via COMSOL using the finite elements
method allowed us to understand how NWs’ shape is related to its output potential.
With these, we reached the conclusion that it is not worth adding any top structure
to enhance deformation. Nonetheless, we discovered that building a nanotree highly
improves the lateral deformation which is extremely profitable for a parallel configuration
NG.
Furthermore, in future work it would be profitable to gather all the information re-
garding PVDF fabrication and apply it to nanogenerators in order to observe if the β-
phase content increases. In addition to this, a more detailed study regarding nanotrees
would help understanding how they would behave when compressed by a perpendicu-
lar force. Hereafter, if the final results are deserving, it would be beneficial to substitute
the nanotrees for the nanowires. As a next step, one can manufacture and test the new
measurement system based on the design that was presented in subsection 4.2.3.
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